Background: Telemetry is very important for monitoring physiological functions in awake and freely moving laboratory animals. Although implantable transmitters reduce stress resulting from daily handling and restraint, the procedure requires invasive surgery, which affects behaviour and wellbeing of animals. This aspect is important in cases in which behaviour is used as one of the read-out parameters for studying the progression of a disease and/or the effects of a treatment over time. In mice, implantation of telemetric devices shows changes in body weight, locomotor and eating behaviour, and grooming and immobility activities. In contrast to mice, no specific research has been reported in larger animals. Therefore, effect on motor activity, health status and bodyweight after surgical placement of intra-abdominal transmitter, electroencephalogram (EEG) electrodes and electromyogram (EMG) electrodes in common marmosets (Callithrix jacchus) were assessed. Two behavioural test systems for locomotor function were used: the Hourglass test to measure the time a monkey needs to return to its normal upright position, and the Tower test to measure jumping behaviour. Additionally, health status and bodyweight were monitored daily from 2 weeks pre surgery until 49 days post surgery.
Background
Telemetry is a useful tool for measuring physiological parameters such as heart rate, core body temperature and locomotor activity in conscious, non-restrained animals [1] [2] [3] . The standardised approach leads to smaller variations in the biometric data, resulting in more reliable results, refinement of data collection, reduction in animal use, and ultimately in potentially better treatment of disorders [4] .
Telemetry has demonstrated its potential in primates [5] [6] [7] , including data acquisition of brain signals by means of electroencephalogram (EEG) in conscious, unrestrained marmosets [8] [9] [10] [11] . However, surgery as well as the presence of the intra-abdominal transmitter are known to affect the wellbeing of mice for 2 weeks after surgery, leading to a change in locomotor activity due to decreased motivation or physical disturbance, which can potentially decrease the reliability of the obtained experimental results [12, 13] . No specific research regarding influence of the surgery and the presence of the intraabdominal transmitter and EEG and electromyogram (EMG) electrodes on data collection, behaviour and recovery times has been reported in non-rodents.
Common marmosets (Callithrix jacchus) are regularly used in biomedical research to study a variety of human diseases, including neurodegenerative disorders such as Parkinson's disease [14] . Progression of disease can be monitored by studying, for example, home cage activity, motor function and behaviour. Telemetry is used to collect these data without disturbing the animals. In order to obtain reliable data, it is essential that the effects of implantation of the devices in these animals are thoroughly known and minimised before the monitoring starts.
The objectives of our study were to determine the effects of surgical placement of an intra-abdominal transmitter and EEG and EMG electrodes on locomotor activity, health status and bodyweight in common marmosets (Callithrix jacchus).
Results
Five healthy animals were implanted with a transmitter and electrodes and all provided high quality data (EEG, EMG, core body temperature and locomotor activity) over a period of 49 days. In addition, there were no movement artefacts present on the signal. Visual monitoring of animal movements and behaviours showed that the animals did not appear to be affected by the physical presence of the transmitter and electrode leads. There were no cases of infection subsequent to the implantation procedure.
Evaluation of health status and body weight
The levels of general appearance showed stable baseline measurements in all animals (score 0), but changed in three out of five marmosets after surgery. These animals displayed stupor during the first 3 days after surgery (score 2). None of the marmosets showed abnormal level of consciousness after 4 days and onwards. A drop in locomotor activity was observed in the first week after surgery (score 1), though this was not significantly different (P >0.05) from the baseline behaviour (score 0). Position in the cage and animal behaviour indicated considerable divergence in the pre-as well as in the postoperative period, and no effects induced by the surgical implantation were detected.
Faeces consisted of firm droppings (score 0) during baseline measures until amoxicillin was administered (day -1). Thereafter all animals excreted liquid faeces for 8 days (score 3).
Presurgery body weights were relatively constant, as the slope of the regression line of all tested marmosets did not deviate significantly from 0 ( Figure 1 ) (P = 0.957). Days 3 to 14 showed a significant decrease in bodyweight estimated at 0.992 g/day with a 95% confidence interval (CI) of -1.782 to -0.199 (P = 0.0154). From day 15 until the end of the study, an ascending trend in the graphs showed a significant increase in body weight estimated at 0.675 g/day with a 95% CI of 0.539 to 0.810 (P = 5.32 x 10-14). The baseline body weight was reached after 31 days post-surgery.
Testing locomotor capacity
After surgery, all animals displayed a similar increase (not significant) in righting time in the Hourglass test compared to baseline values for a timeframe of 7 days (Table 1) . Starting from day 8, the righting times decreased, and mean values (from day 8 to end of the study) even declined below baseline values. Animal #5 showed deviant turning results, even during presurgery sessions. In some trials, the monkey did not turn at all. In previous studies this inability to turn during baseline data collection was never observed. Based on the high standard deviation of this monkey during the baseline sessions, this marmoset was not included for statistical analyses.
The Tower test data (Table 1) revealed that the total number of level changes in a 10-minute test period were significantly reduced, with 19.16 level changes directly after surgery (days 3 to 7). Significant reductions (P <0.05) relative to baseline values were also observed between days 8 to 14, days 22 to 27 and days 37 to 48. All animals reached the top level at least once in each test session, both pre as well as post surgery.
Data derived from an independent study (n = 10 normal non-treated animals) showed a decrease of 33% in turning time between weeks 0 and 3 of their testing.
Baseline values of the Hourglass test after habituation (last-measured preoperative values) were compared to the post-peak measures in order to assess whether a learning effect existed. The post-peak measures, excluding days 3-7 post surgery, were all lower than preoperative measures, from which suggest that a habituation effect was present. Data derived from the independent study showed the same habituation effect.
We compared the data collected at days 3 to 7 with baseline data derived from the independent study, which were also in week 3 of their habituation period. These control animals showed a turning time of 1.04 ± 0.77 s, while the operated animals showed a turning time of 3.89 ± 2.17 s.
Pathology
At gross pathology, a visual inspection of the abdominal organs determined no sign of trauma or inflammation in four marmosets (animals #1 to 4) at day 142. The transmitter was fixated to the ventral abdominal wall, electrode wires were still intact, fixed at the right location and no adjacent tissue was damaged. All five brains showed two macroscopic indentations caused by the screws. However, the dura was still intact. During necropsy of animal #5 (the marmoset that showed deviant turning results in the hourglass, even during presurgery sessions), severe focal haemorrhagic necrosis of the ceaco-colonal junction was discovered in the dorsal abdomen.
Discussion
Telemetry is very important for monitoring physiological functions in awake and freely moving laboratory animals [3, 15, 16] . In contrast to mice, no specific research regarding influence of the surgery as well as the presence of the intra-abdominal transmitter and EMG and EEG electrodes on body weight, health status and locomotor activity have been reported in larger laboratory animals. The data from our study show that the surgery led to decreased motor activity, disturbed health status and loss of body weight in the common marmoset. Full recovery, as assessed by reaching all preoperative values, was reached 31 days after surgery. These data are important to optimise the design of future studies utilising these implantable transmitters.
Comparison of the data collected at days 3 to 7 with baseline data derived from an independent study resulted in the assumption that the surgery procedure for the insertion of the intra-abdominal transmitter was the cause of the peak in righting time in the Hourglass test 3 to 7 days post surgery, since for all monkeys this was the only change introduced in this period.
Although implantable transmitters reduce stress resulting from daily handling and restraint, the procedure requires invasive surgery, which affects behaviour and wellbeing of animals [12] . This aspect is of crucial importance in cases in which behaviour is used as one of the read-out parameters for studying the progression of a disease and/or the effects of a treatment over time. In rodents, implantation of telemetric devices resulted in body weight decreased as well as climbing, locomotor and eating behaviour, whereas grooming and immobility activities increased, and full recovery was reached after 2 weeks [12] . Like in rodents, marmosets showed a decrease in bodyweight and disturbance in mobility as demonstrated by their jumping behaviour. However, full recovery took significantly longer, that is, more than 4 weeks. When designing studies in marmosets, this longer recovery period has to be taken into account.
In our study, decrease in body weight was attributed to loss of appetite, to protein catabolism, which follows surgical operations [17] , and to diarrhoea. However, in healthy people with antibiotic-associated diarrhoea, diarrhoea caused a loss of water in the persons' stools, but as they continued to eat their normal diet and kept fluids up, they stayed roughly the same weight [18] . The gastrointestinal disturbance that was observed in the marmosets started already 1 day before surgery and cannot be directly attributed to surgery. Most likely, oral administration of amoxicillin caused ecological disturbances in the normal intestinal microflora, resulting in diarrhoea [19] [20] [21] [22] .
At necropsy, no pathological disturbances were observed due to the intra-abdominal implantation and subcutaneous tunnelled electrode leads. One animal had an old haemorrhagic area of the cerosa of the ceco-colonal junction. Because the lesion was located in the dorsal abdomen, while the transmitter was fixated to the ventral abdominal wall, this lesion could not be directly linked to the abdominal transmitter. This lesion is of unknown etiology. This animal also showed atypical turning results in the hourglass test pre surgery.
Critics of the transmitter implantation correctly inquire as to the effects of the weight and volume of the implanted transmitter on animal behaviour and stress and on physiological functions [16] . However, if an appropriate recovery period is taken into account, this surgery does not The Tower test data shows a reduction in the total number of level changes after surgery. The Hourglass data shows an increase in righting time compared to baseline values 1 week after surgery (days 3-7); thereafter righting time was normalised/decreased. NT: not tested.
interfere with research results, and the health status of marmosets does not appear to be seriously impaired by the insertion of an intra-abdominal transmitter. The difference between the recovery of rodents and marmosets demonstrate that the optimal recovery time has to be assessed for each species separately. In small animal practices, the most common neurological conditions encountered are seizures [23] . To better understand the aetiology and to improve seizure management, telemetry is very helpful as it prevents stress and immobilisation of the animal, disturbing its behaviour and the EEG, especially in epilepsy, neurotoxicology and pharmacology studies [24] [25] [26] . Our data show that that postoperative effects must be fully assessed and all physiological and behavioural functions must have been normalised to be able to obtain meaningful data. With a sufficient experimental setup, in which the recovery time is taken into account, this methodology using telemetric data acquisition is of high importance in longitudinal studies towards neurological disorders, such as Parkinson's disease, Alzheimer's disease, sleep disorders and epilepsy.
Conclusions
Marmosets tolerate the implantation of the transmitter without obvious problems, and all animals were judged to be fully recovered 31 days after surgery. This waiting period should be taken into account in marmosets after transmitter implantation.
Methods

Animals, housing and care
Five adult female common marmosets (Callithrix jacchus), aged 3.8 ± 0.3 years and weighing 366.6 ± 9.4 g housed at the Biomedical Primate Research Centre (BPRC, Rijswijk, The Netherlands) were used. Each animal was given a complete physical, haematological and biochemical examination before start of the study. All animals displayed all values within the normal range. The monkeys remained under veterinary supervision during the entire study. Animals were housed as described earlier [27] . Food was removed 16 h prior to surgery but water intake was never restricted.
Ethics
This study protocol was reviewed and approved by the institute's ethics committee (DierenExperimentenCommissie (DEC)) before the start of experiment (approval number DEC698). The procedures performed in this study were in accordance with the Dutch law on animal experimentation, with the regulations for animal handling as described in the EU Directive 63/2010, and with the Weatherall report (2006).
Experimental design
A study with each animal acting as its own control was designed (Table 2) . Measurements taken during the period prior to surgery (days -14 to 0) were adopted as baseline values and were subsequently compared to various periods post surgery. The animals were taken from their home cage to an adjacent quiet, temperaturecontrolled room (24°C) for measurements of body weight and locomotor capacity testing. A camera for video analysis was installed in this room.
From an independent study (n = 10 normal nontreated animals), data were derived from the Tower and Hourglass tests to determine the habituation effect to these two tests. These 10 animals were tested for 3 successive weeks. Housing and care were similar as described above.
Surgery
One day prior to surgery until 5 days post surgery, 12.5 mg/kg amoxicillin (Synulox®, Pfizer Animal Health B.V., Capelle a/d IJssel, The Netherlands), was administered orally (PO) twice a day. As analgaesia, 1 h prior to surgery, 0.20 mg/kg meloxicam (Metacam®, Boehringer Inhelheim, Alkmaar, The Netherlands) was administered PO together with 0.02 mg/kg buprenorphine (Buprecare®, AST farma B.V., Oudewater, The Netherlands) intramuscularly (IM). After surgery, animals received meloxicam (0.10 mg/kg PO) once daily in combination with buprenorphine (0.02 mg/kg IM) twice a day for 2 days.
Anaesthesia was achieved by means of 16 mg/kg alphaxalone (Alfaxan®, Vétoquinol B.V., 's-Hertogenbosch, The Netherlands) IM. Subsequently, the head and abdomen were shaved and prepared with Hibiscrub and Betadine. The marmosets were placed on a heated blanket in order to stabilise body temperature and were breathing room air spontaneously throughout the surgery.
A 1-cm skin incision was made in a transversal direction between the scapulae. A sterile bandage was used to cover this incision when the marmoset was placed in dorsal recumbency in order to make a 3-cm incision in the abdominal skin (below the umbilicus) along the midline. Subsequently, the skin was separated from the abdominal muscles. The abdomen was opened, and the sterile transmitter (TL11M2-F40-EET, PhysioTel®, Data Sciences (DSI), St. Paul, MN, USA) was placed inside the abdominal cavity. The electrode wires originating from the transmitter were tunnelled through the abdominal wall (on the right side of the abdominal incision) by means of an over-the-needle catheter. The transmitter had a ridge containing four holes on the upper surface which were used to attach to the abdominal wall during wound closure with absorbable sutures (Vicryl Plus suture 4-0, Ethicon/Johnson & Johnson). The electrode wires, which protruded through the abdominal wall, were tunnelled subcutaneously to the skin incision between the scapulae by means of an over-the-needle catheter. After tunnelling, the abdominal skin incision was closed with single-knot sutures (Vicryl Plus suture 4-0) and covered with wound spray. Subsequently, the skull was exposed by means of an anterior to posterior skin incision across the top of the head between the ears. Two out of four wires from the skin incision between the scapulae to the skin incision in the head were tunnelled. The periost of the skull was scraped back and thoroughly scratched using a scalpel blade no. 10. A cotton swab soaked in 35% hydrogen peroxide was used to degrease the surface of the skull. Two small holes were drilled, both at 3 mm lateral (right) to the sagittal suture and 2 mm and 9 mm anterior of the bregma, respectively, using a dental drill. The electrode wires were pushed through these holes and fixed by stainless steel screws. The screws reached the dura and did not penetrate the cortex. The heads of the screws were completely covered with cement (Antibiotic Simplex® P with Tobramycin (0.5 dose CE) bone cement, Stryker Corporation, Meyzieu, France), which also continued over the surrounding skull. Subsequently, the skin incision was closed using Vicryl Plus suture 4-0. The remaining two electrode wires protruding from the incision in the scapula area were tunnelled subcutaneously by means of an over-the-needle catheter and fixed with a single stitch to either the chin muscle (m. trigonum submandibularis) or to the neck muscle (m. trapezius) for EMG data recording. Stitching required a small incision above the respective muscles, subsequently closed with single-knot sutures (Vicryl Plus suture 4-0) and covered with wound spray. The animals recovered in their home cage on an open non-heated blanket.
Assessment of health status and body weight
The health status of the marmosets was evaluated through daily visual assessment between 15:00 and 16:00. during the entire study. The scoring system included numeric values for general appearance, respiration, faeces and urine production, food intake, locomotor activity, and evaluation of skin and fur coat. Position in the cage was also scored. Social behaviours were classified as described by Stevenson and Poole [28] and number of occurrences per minute were scored (Table 3 ). The body weight was measured each working day. Marmosets had been trained to voluntarily enter a Perspex cylinder and were taken out of their cage by means of this cylinder. The cylinder with the animal was placed on a weighing scale to assess body weight.
Testing locomotor capacity
The Hourglass (Figure 2 ) and Tower tests ( Figure 3) were used to measure a decrease in motor function as indicator for both physical discomfort and motivation to move [29] . Physical disturbance caused by the intra-abdominal transmitter can result in an extended righting time [30] . A cylinder measuring 11 cm x 27 cm was used to turn the animal upside down. One trial period consisted of turning the cylinder 180°, causing the marmoset to be in a headdown position, to the moment the marmoset is once again in an upright position. The time it took for the marmoset to turn back in the upright position was noted with nonautomated video analysis, done by an observer. Intervals between cylinder turn and the marmoset's ability to recover its position (head above legs) was noted (righting time), maximum time noted was 30 s (also for marmosets which did not turn upright at all). One test comprised 10 180°turns of the cylinder.
The Tower test setup consisted of a 230-cm high cabinet with a transparent plexiglas front, in which five horizontally situated crossbars with varying distances between 10, 19, 45, 70 and 50 cm, respectively, were present. At the start of a test, a marmoset was located behind a sliding door adjacent to the bottom of the cabinet. After opening of the sliding door, the marmoset enters the cabinet. Simultaneously, an observer sitting in another room in front of a video screen recorded each point of time the marmoset jumped from one level to another over a 10-min period. The scoring results of the Tower test showed the amount of time the marmoset was present on each level and the total number of jumps in this 10-min period.
Transmitter data acquisition
Post surgery, a weekly check was performed to ensure that the abdominal transmitter was functioning properly. The transmitter could be switched on and off by a magnetic switch passing a magnet along the respective monkey at a distance of about 1 to 2 cm from its surface. Signals from the telemetric devices were transmitted to a receiver (RPC-1, Data Sciences International, St. Paul, MN, USA) placed at a distance of about 20 cm from the transmitter. In order to assemble signals, the Perspex cylinder containing one marmoset was placed on top of the receiver. Signals collected by the receiver were consolidated and stored by way of a consolidation matrix (Data Exchange Matrix CH20, Data Sciences International, St. Paul, MN, USA) attached to a computer equipped with Data Science ART 4.1 software for signal processing.
Pathology
Necropsy was performed on all marmosets 142 days post surgery. The abdominal cavity was opened and the Figure 2 Image of Hourglass. A cylinder measuring 11 cm x 27 cm was used to turn the animal upside down in the Hourglass setup. One trial period consisted of turning the cylinder 180°, causing the marmoset to be in a head-down position, to the moment the marmoset is once again in an upright position. Intervals between cylinder turn and the marmoset's ability to recover its position (head above legs) was noted (righting time) with non-automated video analysis, done by an observer. Maximum time noted was 30 s (also for marmosets which did not turn upright at all). One test comprised 10 180°turns of the cylinder. abdominal organs were inspected for possible trauma or inflammation caused by the transmitter. Electrode wires were followed to the skull to determine whether they were still in place and not causing damage to the adjacent tissue. The skull was opened carefully to observe possible indentation in the brain caused by the two screws in the skull.
Statistical analysis
The experimental design of this study is a 'within-design study ' , that is, each tested animal acted as its own control. Measurements taken in the period prior to surgery were adopted as baseline values and subsequently compared to various periods post surgery. The postsurgery period was divided in two parts: immediately after surgery (days 3 to 14) and recovery (days 15 to 48).
Data were collected into Excel spread sheets (Microsoft Corporation, Redmond, VA, USA) and averaged to obtain mean values for baseline as well as both postsurgery periods. These averages were transferred to the statistical processing program R [31] .
Baseline and postsurgery weight averages were initially compared using paired t-tests (that is, the difference in average body weights was calculated and subsequently tested against the null hypothesis that this difference is 0). Postsurgery body weight was corrected for transmitter weight (7.0 g). Changes in body weight in the three time brackets described above were further analysed using linear mixed models. The mixed models provide estimates for change in body weight per day, complemented with 95% CIs, while adjusting for random effects (due to random selection of animals). Mixed effect models with different random effects (random intercept and/or random slope) were defined and fitted. The model with the best fit (as represented by the lowest Akaike Information Criterion (AIC)) was subsequently used to calculate the weight change per day. The level of probability for accepting statistical significance was set at P <0.05.
In order to standardise the results of the Hourglass test, only eight out of 10 trials conducted of each test session were included (the lowest and the highest scores of each monkey within one session were not taken into account) to analyse the same number of turns for each animal.
